Objectives: In living-donor liver transplant recipients with hepatitis C virus infection, outcomes of recurrent hepatitis C virus infection and fibrosis progression are not well documented. We evaluated fibrosis progression, response to pegylated interferon treatment, and long-term graft survival in living-donor liver transplant recipients who had hepatitis C virus infection. Materials and Methods: In 48 transplant recipients, including 29 recipients who had follow-up liver biopsy ≥ 6 months after transplant, histology and clinical courses were reviewed. Outcomes were evaluated for patients grouped into slow and rapid fibrosis groups. Treatment with pegylated interferon and ribavirin was assessed in 18 patients. Results: Clinical features were similar between recipients with slow or rapid fibrosis. The time interval from transplant to recurrence of hepatitis C virus infection was significantly shorter in the recipients with rapid fibrosis. Recipients with rapid fibrosis had significantly greater confluent necrosis, acidophil bodies, and fibrosis score than recipients with slow fibrosis. Graft survival rates were similar between patients with slow or rapid fibrosis. Cumulative proportion of long-term graft survival was 60% at 7 years after transplant. Sustained virologic response was noted in 5 of 18 patients (28%) who received pegylated interferon and ribavirin. Conclusions: In recipients of living-donor liver transplant with early recurrence of hepatitis C have worse fibrosis progression but graft survival was not affected. Therapy with pegylated interferon and ribavirin achieved sustained virologic response only in a small proportion of the patients.
Introduction
Hepatitis C virus is the most common indication for liver transplant in the United States and Europe. Histologic evidence of hepatitis C virus recurrence occurs in > 90% patients within 5 years of transplant and has a varied clinical course. 1, 2 Liver transplant recipients who are infected with hepatitis C virus have worse graft outcomes with living-donor than deceased-donor grafts, and this has raised concerns about using living-donor grafts for these recipients. [3] [4] [5] [6] [7] Furthermore, response to treatments based on pegylated interferon (PEG-IFN) in patients with living-donor liver transplant is unknown.
The primary aim of this study was to describe the clinical, virologic, and histologic outcome in liver transplant recipients infected with hepatitis C virus and who received a transplant from a living donor. The secondary aim was to assess the response to a low-accelerated dosage regimen of PEG-IFN and ribavirin in patients with histologic evidence of recurrent hepatitis C virus infection.
Materials and Methods

Patient population
A retrospective review of medical records was performed for consecutive adult living-donor liver transplant recipients who had liver transplant for cirrhosis related to chronic hepatitis C virus infection at Mount Sinai Hospital Medical Center between January 3, 1999, and February 8, 2005 . Inclusion criteria for liver transplant recipients included (1) hepatitis C virus infection, defined by serologic and virologic testing available before transplant, and (2) survival > 6 months after transplant, to exclude death from complications of transplant. Liver transplant recipients were excluded from the study when there was (1) human immunodeficiency virus or hepatitis B virus coinfection; (2) domino liver transplant; or (3) concurrent liver disease, such as primary sclerosing cholangitis, autoimmune hepatitis, or primary biliary cirrhosis that might have an effect on the clinical course after liver transplant. Patients having liver transplant for hepatocellular carcinoma were not excluded. The study was approved by the institutional review board of Mount Sinai Hospital Medical Center. All protocols conformed to the ethical guidelines of the 1975 Helsinki Declaration. evaluation Data were abstracted from the clinical records including information about immunosuppression, indications for liver biopsy, episodes of rejection, virologic studies, hepatitis C virus genotypes and RNA measurements, treatment for recurrent hepatitis C virus infection, and the laboratory model for endstage liver disease (MELD) score calculated at the time of transplant. 8 Biliary complications were noted from laboratory, ultrasonography, and magnetic resonance imaging, and confirmed by reports from percutaneous intervention, endoscopy, and surgery.
All causes of graft loss were included, and death was regarded as a graft loss. Long-term graft survival was evaluated at ≥ 6 months after transplant to avoid inclusion of early graft loss from complications associated with the transplant procedure. Patient survival was defined as the time from the initial transplant until death or last known follow-up. Patients lost to follow-up were censored on the date when they were last known to be alive for analysis of patient and graft survival. Death from hepatitis C virus was defined as death resulting from graft failure secondary to either severe recurrent hepatitis C or the cholestatic variant of recurrent hepatitis C virus. Death not related to hepatitis C virus included death from other causes such as infection, perioperative complications, recurrent hepatocellular carcinoma, or biliary complications. A separate analysis was performed, including all recipients who received the low-escalating dosage regimen protocol, to evaluate treatment outcome with PEG-IFN.
treatment
The following protocol was used for enrolling recipients who had hepatitis C virus infection. Diagnosis of hepatitis C was based on detectable serum hepatitis C viral RNA by polymerase chain reaction (COBAS Hepatitis C Virus Amplification and Detection, version 2.0, Roche Diagnostic, Indianapolis, IN, USA) (sensitivity, 60 IU/mL) and histologic evidence of hepatitis C virus (liver biopsy showing fibrosis > 1 on a modified Ishak score 9 or lobular hepatitis). There were 18 transplant recipients who received a low-escalating dosage regimen of PEG-IFN and ribavirin starting with PEG-IFN-α-2a (90 μg subcutaneously, once weekly) or PEG-IFN-α-2b (0.75 μg/kg subcutaneously, once weekly) and ribavirin (7 mg/kg orally, twice daily). The dosage was increased to a maximum of PEG-IFN-α-2a (180 μg subcutaneously, once weekly) or PEG-IFN-α-2b (1.5 μg/kg subcutaneously, once weekly) and ribavirin (14 mg/kg orally, twice daily). The subjects received therapy for 24 weeks (genotypes 2 or 3) or 48 weeks (genotypes 1 or 4). Treatment response was analyzed at 12 weeks (early virologic response); 24 weeks (genotypes 2 or 3) or 48 weeks (genotypes 1 or 4) (end of treatment response); and 72 weeks (sustained virologic response). Patients who had therapy continued beyond the typical duration of therapy (24 weeks for genotypes 2 or 3; 48 weeks for genotypes 1 or 4) and had negative viral load at the end of this duration were considered to have attained end-oftreatment response but were not assessed as having sustained virologic response. Data of patients in the present study who required supportive treatment with erythropoietin and/or filgrastim were retrieved.
liver allograft histology Archived biopsy specimens were obtained for of those reviewed. All histology assessments were performed by the same liver pathologist (MIF) who was blinded to patient identity. Indications for liver biopsy included abnormal elevation of liver enzymes. Slides stained with hematoxylin-eosin were blindly reviewed without background clinical information and graded for necrosis, inflammation, rejection, and cholestasis. Slides stained with Masson trichrome were reviewed to assess fibrosis staging. Necrosis and inflammation were graded with the hepatitis activity index. 9 Scores included assessment of the presence and degree of periportal or interface hepatitis, confluent necrosis, focal necrosis, and inflammation and portal inflammation. Acute cellular rejection was graded with the Banff rejection consensus criteria. 10 The presence or absence of mixed portal inflammation, bile duct damage, and endotheliitis were assessed and a grade was assigned.
The presence and degree of fibrosis were assessed with modified Ishak and METAVIR staging systems. 10 Because protocol liver biopsies were not performed, we used the most recently obtained liver biopsy with highest fibrosis stage and calculated the fibrosis progression rate (FPR) per year based on the fibrosis stage calculated from the Ishak score (range, 1 to 6) divided by the interval time (y) since the living-donor liver transplant. Based on the median fibrosis progression rate (1.27), transplant recipients were defined as having slow fibrosis (fibrosis progression rate ≤ 1.27) or rapid fibrosis (fibrosis progression rate > 1.27).
Statistical analyses
Statistical analyses were performed with SPSS software (SPSS: An IBM Company, version 17.0, IBM Corporation, Armonk, NY, USA). Descriptive statistics were calculated, including frequency and percentage for categorical variables and median or mean and standard deviation for continuous variables. Categorical variables were compared with the chi-square or the Fisher exact test. Continuous variables were compared with Mann-Whitney U test. Survival curves were calculated with Kaplan-Meier method and comparisons were made with log-rank test, with linear trends for factor levels pooled over strata. Statistical significance was defined by P ≤ .05.
Results
In 56 living-donor liver transplant recipients who had hepatitis C virus infection, 8 patients were excluded because of graft loss within 6 months of liver transplant unrelated to hepatitis C virus recurrence (4 patients), domino liver transplant (2 patients), concurrent human immunodeficiency virus infection (1 patient), and concurrent primary sclerosing cholangitis (1 patient). The 48 liver transplant recipients included in the study were mostly white men (Table 1) . Most transplants were from living-related donors who, on average, were younger than the recipients (Table 1) . A substantial frequency of cytomegalovirus (CMV) antibody was noted in donors, but no donors tested positive for antihepatitis B core antigen (Table 1) . A substantial frequency of recipients had CMV antibody and/or hepatocellular carcinoma before transplant ( Table 1) . Half of the recipient group had ≥ 1 rejection episode, mostly mild (Table 1) .
Fibrosis progression and graft survival
In the 48 recipients, 126 biopsies were performed during the first year after liver transplant. There were 19 recipients who were excluded from the analysis because follow-up biopsy after 6 months was not available or not performed. In the 29 transplant recipients who had follow-up liver biopsy ≥ 6 months after transplant, clinical features were similar between patients with slow or rapid fibrosis (Table 2) . Recipients with rapid fibrosis had significantly greater mean fibrosis progression rate, mean confluent necrosis, acidophil bodies, and mean fibrosis score than recipients with slow fibrosis (Table 3 ). The other histologic parameters examined were similar between recipients who had slow or rapid fibrosis (Table 3) . A trend for earlier recurrence of hepatitis C was noted in the in the group of patients with rapid fibrosis (5 ± 3 vs 12 ± 12 months; P = .11) ( Table 2 ), but it did not show statistical significance. Graft survival was similar between recipients who had slow or rapid fibrosis (data not shown).
Of the 29 recipients, a single patient had spontaneous clearance of his HCV infection and in the rest 28 recipients the median time of histologic recurrence of HCV infection was 6 months (mean ± SD, 8.5 ± 8.7 months). Recipients with early histologic recurrence (defined as ≤ 6 months since their transplant) had a significantly higher fibrosis progression rate as compared to those with later recurrence (2.21 ± 1.41 vs 1.04 ± 0.28, P = .009). We have shown this relation more clearly in the Figure 1 that shows the aggregation of higher rate of FPR toward the left of the X-axes, suggesting earlier the recurrence worse the FPR. However, despite these differences in their FPR, long-term graft survival between those with early versus later recurrence was not affected over a median follow up of 76 months by Kaplan-Meier survival analysis (log rank, P = .99). NOTE: Necrosis and inflammation were graded with the hepatitis activity index. 9 The presence and degree of fibrosis were assessed with modified Ishak and Metavir staging systems. 10 Scores included assessment of the presence and degree of periportal or periseptal interface hepatitis (0-4), confluent necrosis (0-6), focal (spotty) lytic necrosis/apoptosis/focal inflammation (0-4), portal inflammation (0-4) and fibrosis stage (0-6). The sum of the scores of necrosis and inflammation is noted as the score for HAI. The data presented represents the mean scores ± SD. The presence or absence of mixed portal inflammation, acidophil bodies, foci of parenchymal necroses, steatosis, ductular reaction, cholestasis, and acute cellular rejection were assessed, and is presented as the mean number (%). † NS, not significant; P > .05. Table 4) . Anastomotic stricture was noted in 11 who had a duct-to-duct anastomosis (33.35) compared with 3 who had a Rouxen-Y anastomosis (20%) (P = .49). Bile leak was noted in 9 recipients (18.8%), 6 with Roux-en-Y anastomosis (40%) compared to 3 with duct-to-duct anastomosis (9.1%) (P = NS). Overall long-term graft survival was not affected by bile duct stricture (P = .42) or biliary complication (P = .47) on Kaplan-Meier survival analyses (Figures 2A and 2B ).
long-term graft survival
In 48 transplant recipients who were included in the assessment of long-term graft survival, most recipients were alive at mean follow-up of 5 years (Table 4) . The most common causes of death included recurrent hepatocellular carcinoma, metastatic cancer, and sepsis (Table 4) . Cumulative proportion of long-term graft survival was 60% at 7 years after transplant (Table 4) . Overall long-term graft survival in recipients who had hepatocellular carcinoma before liver transplant was not significantly different from recipients without HCC.
therapy with pegylated interferon and ribavirin
In 18 transplant recipients with recurrent hepatitis C virus infection who were treated with a low-escalating dose regimen of PEG-IFN and ribavirin, all recipients received immunosuppression with tacrolimus with or without other immunosuppressive drugs (Table 5 ). The mean interval from the living-donor liver transplant to the histologic diagnosis of recurrence was 24 weeks and the mean interval from transplant to treatment initiation was 83 weeks (Table 5 ). Few recipients who had PEG-IFN and ribavirin developed sustained virologic response (Table 5 ).
Response to therapy
Hepatitis C virus RNA was not detected at 24 weeks in 9 patients (50%), at 48 weeks in 7 patients (39%), and at 72 weeks in 5 patients (28%). Therefore, sustained virologic response was noted in 5 patients (28%). In 13 patients who had paired liver biopsies before treatment and at follow-up, mean fibrosis score was significantly worse at follow-up than before treatment (Table 6 ). There were no differences in mean hepatitis activity index before and after treatment (Table 6 ). In the 5 patients who had sustained virologic response, 4 patients had paired liver biopsies before and after treatment; fibrosis score after treatment was worse in 3 patients and unchanged in 1 patient. In the 3 patients with worse fibrosis score, 2 patients had concomitant bile duct stricture that required multiple biliary interventions, and one patient had moderate steatohepatitis.
In 7 of the 18 patients (39%), therapy was discontinued owing to adverse events. Therapy was stopped in 3 patients because of sepsis, and 1 of the 3 patients died because of complications of severe sepsis. Acute severe cellular rejection was noted at 9 months after transplant in 1 patient and treatment was discontinued; this patient had negative polymerase chain reaction test for hepatitis C virus when rejection occurred, but hepatitis C virus relapsed at 12 months. In 2 patients, treatment was discontinued because of severe constitutional symptoms. Metastatic hepatocellular carcinoma was noted early in 1 patient, and treatment was discontinued.
Discussion
There is limited information available about the longterm outcome and treatment of recurrent chronic hepatitis C virus in recipients of living-donor liver transplant. A primary finding of the current study was the excellent 1-year graft survival frequency with living-donor liver transplant in patients with cirrhosis associated with hepatitis C virus, albeit with some overall reduction in long-term graft survival. The reduction in graft survival was independent of the fibrosis progression rate, biliary complications, and hepatocellular carcinoma status before transplant.
A recent meta-analysis evaluated long-term survival in deceased-donor and living-liver transplant recipients who had been infected with hepatitis C virus; deceased-donor and living-donor liver transplants were equivalent in patient survival, longterm graft survival, hepatitis C virus recurrence, and acute rejection rate. Graft survival was lower at 1 and 3 years after living-donor liver transplant, but graft survival at 2, 4, and 5 years after transplant were similar between deceased-donor and living-donor transplants. 11 
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Variables Data The presence and degree of fibrosis were assessed with modified Ishak and Metavir staging systems. 10 Scores included assessment of the presence and degree of periportal or periseptal interface hepatitis (0-4), confluent necrosis (0-6), focal (spotty) lytic necrosis/apoptosis/focal inflammation (0-4), portal inflammation (0-4) and fibrosis stage (0-6). The sum of the scores of necrosis and inflammation is noted as the score for HAI. The data presented represents the mean scores ± SD.
The effect of hepatitis C virus recurrence on the graft and the underlying evolution of the histologic parameters, especially the severity and progression of liver fibrosis, have been studied previously. 6, [12] [13] [14] Additional studies have addressed demographic, clinical, perioperative, biochemical, and viral factors associated with the accelerated histologic and clinical course of recurrent hepatitis C virus infection after liver transplant. 15, 16 Factors that may affect the severity of hepatitis C virus recurrence include donor age, 6, 12 degree and specific type of immunosuppression, [17] [18] [19] development and treatment of acute cellular rejection, 15, 20 development of CMV infection, 21 and type of liver transplant (deceased-donor or livingdonor transplant). [22] [23] [24] However, much information about these risk factors for severe recurrence was determined from studies with deceased-donor liver transplant and may not be applicable to living-donor liver transplant recipients. In the present study, we could show a clear relation between earlier histologic recurrence of hepatitis C and worsening fibrosis progression in recipients with living-donor liver transplants; however, long-term graft survival was not affected by this trend. The long-term survival also was not affected by the presence or absence of bile duct problems.
Another finding of the present study was that a low-accelerating dosage regimen of combination therapy yielded a sustained virologic response rate similar to that reported in deceased-donor liver transplant patients. A previous study with an early intervention strategy reported sustained virologic response rate 34.7%, but eligibility for that study was low (56%). 25 In the present study, eligibility for PEG-IFN and ribavirin also was low (50%). Combination therapy in liver transplant patients may be associated with frequent and severe adverse events, including the frequent need for erythropoietin and/or filgrastim. [26] [27] [28] [29] All patients in the present study required supportive treatment with erythropoietin and/or filgrastim. The frequency of treatment discontinuation because of adverse events was 39% in the present study, higher than 16% reported in immunocompetent subjects with significant severity. 30 The role of combination therapy with PEG-IFN and protease inhibitors is not established; despite preliminary reports of benefit, wider application has been limited by toxicity, and safer regimens that are not based on interferon are being evaluated. 31, 32 In the present study, patients with paired biopsies before and after transplant had no improvement in the hepatitis activity index and had deterioration of mean fibrosis score (Table 6 ). Previous studies with PEG-IFN therapy have reported improvement or no improvement in fibrosis score in recipients of deceased-donor liver transplant. [33] [34] [35] In the present study, worsening fibrosis may have occurred because of multiple underlying causes such as bile duct stricture and steatohepatitis after transplant.
The limitations of the current study are those limitations inherent to any retrospective, singlecenter study. Donor selection criteria and recipient selection criteria are center-specific and introduce bias that may limit applicability of these results to other centers. On the other hand, single-center analyses do provide some clarity to certain variables by permitting observations with consistent donor and recipient selection, operative experience, and postoperative management, or by identifying and testing variables not available in registries. Additionally, small samples, particularly in subgroup analyses, have limited statistical power but permit meaningful observations that can be used to develop future areas of investigation. Knowledge gained from results of such retrospective studies on treatment of hepatitis C in living-donor liver transplant recipients with hepatitis C can be used for future randomized, multicenter trials. Additionally, our knowledge on fibrosis progression in recipients with recurrent hepatitis C is still evolving as opposed to the more commonly performed deceased-donor liver transplants especially in the Western world. More such series of center-specific studies, and subsequent meta-analyses, may afford the best alternative to building the knowledge that will ultimately help us define the natural history of hepatitis C more definitively in recipients with livingdonor liver transplant recipients.
In conclusion, long-term graft survival in livingdonor liver transplant recipients who were infected with hepatitis C virus was less than previously reported graft survival after deceased-donor liver transplant. However, lack of direct comparison with recipients of deceased-donor liver transplant precludes a definitive conclusion. Rapid fibrosis may occur in subjects with early recurrence of hepatitis C virus infection, but long-term graft survival was not affected. Biliary complications, if well treated, do not affect long-term graft survival. A low-accelerating dose regimen of PEG-IFN and ribavirin is associated with a low frequency of sustained virologic response, similar to that reported with deceased-donor liver transplant recipients.
